Introduction
Subject recruitment is one of the major challenges encountered in the conduct of clinical trials. The inability to enroll subjects in a timely manner often leads to increased costs and 'lower-quality studies' [1] , since successful recruitment has a great impact on the quality of a clinical trial [2] . Inadequate Introduction Screening and recruitment for clinical trials can be costly and timeconsuming. Inpatient trials present additional challenges because enrollment is time sensitive based on length of stay. We hypothesized that using an automated prescreening algorithm to identify eligible subjects would increase screening efficiency and enrollment and be cost-effective compared to manual review of a daily admission list. Methods Using a before-and-after design, we compared time spent screening, number of patients screened, enrollment rate, and cost-effectiveness of each screening method in an inpatient diabetes trial conducted at Massachusetts General Hospital. Manual chart review (CR) involved reviewing a daily list of admitted patients to identify eligible subjects. The automated prescreening (APS) method used an algorithm to generate a daily list of patients with glucose levels ≥ 180 mg/dL, an insulin order, and/or admission diagnosis of diabetes mellitus. The census generated was then manually screened to confirm eligibility and eliminate patients who met our exclusion criteria. We determined rates of screening and enrollment and costeffectiveness of each method based on study sample size. Results Total screening time (prescreening and screening) decreased from 4 to 2 h, allowing subjects to be approached earlier in the course of the hospital stay. The average number of patients prescreened per day increased from 13 ± 4 to 30 ± 16 (P < 0.0001). Rate of enrollment increased from 0.17 to 0.32 patients per screening day. Developing the computer algorithm added a fixed cost of US$3000 to the study. Based on our screening and enrollment rates, the algorithm was cost-neutral after enrolling 12 patients. Larger sample sizes further favored screening with an algorithm. By contrast, higher recruitment rates favored individual CR. Limitations Because of the before-and-after design of this study, it is possible that unmeasured factors contributed to increased enrollment. Conclusion Using a computer algorithm to identify eligible patients for a clinical trial in the inpatient setting increased the number of patients screened and enrolled, decreased the time required to enroll them, and was less expensive. Upfront investment in developing a computerized algorithm to improve screening may be costeffective even for relatively small trials, especially when the recruitment rate is expected to be low. Clinical Trials 2012; 9: 198-203. http://ctj.sagepub.com http://ctj.sagepub.com Clinical Trials 2012; 9: 198 -203 sample sizes decrease the statistical power and thus the usefulness of a trial's results once it is completed [3] . Inpatient clinical trials, while seemingly providing an abundance of potential subjects, may paradoxically present additional obstacles. Lengthy recruitment procedures have been identified as one of the primary reasons behind slow and inadequate recruitment [4, 5] . In inpatient trials, recruitment is especially time sensitive and limited by the decreasing lengths of stay and increasing intensity of services provided in the hospital. Due to ineffective screening methods or lack of patient availability on care units, eligible subjects may be screened and/or approached closer to the time of discharge from the hospital, which renders them ineligible for an inpatient intervention. Methods that identify eligible inpatients as early in the course of the hospital stay as possible are critical for effective subject recruitment. In order to increase enrollment for an inpatient randomized clinical trial, we developed a computerized algorithm to facilitate prescreening. We hypothesized that the automated prescreening (APS) algorithm would be a more efficient and costeffective method of identifying and subsequently recruiting eligible inpatients compared to a method based on a manual chart review (CR). To test this hypothesis, we measured and compared the yield and cost of the two screening strategies.
Methods
The Inpatient Diabetes Management for Outpatient Glycemic Control Trial (Clinical Trials.gov registration number NCT00869362) was conducted at Massachusetts General Hospital (MGH), a 900-bed tertiary care hospital in Boston. The trial tested the hypothesis that an inpatient diabetes-specific medication and education intervention would improve glycemic control 6 months after discharge in patients with poorly controlled diabetes admitted to the hospital for reasons other than uncontrolled diabetes. Consenting patients with hemoglobin A1c (HbA1c) >7.5% admitted to acute general medical or surgical units for reasons other than hyperglycemia were randomly assigned either to an inpatient diabetes management intervention or to usual care. Usual care could include endocrinology consultation if desired. The study was approved by the Partners Healthcare Institutional Review Board (IRB).
Two methods were employed to identify eligible patients: manual CR and APS algorithm. IRB approval included permission to prescreen all MGH diabetes inpatients. CR entailed reviewing a daily admission list of all inpatients in general medical and several surgical services to prescreen for potential subjects with a known diagnosis of type 2 diabetes mellitus. As they were identified, the screener determined trial eligibility. This was a timeconsuming process that took the first half of the work day, prompting study investigators to develop automated screening methods.
APS designates automated prescreening performed by a computerized query algorithm, followed by manual screening. The algorithm was designed to identify all current inpatients who matched at least one of the following criteria: (1) a principal or associated diagnosis of 'diabetes mellitus', (2) a blood glucose level over 180 mg/dL, or (3) an order for insulin. We added the criterion of an insulin order to the algorithm to increase sensitivity for eligible patients who lacked a coded principal or associated diagnosis of diabetes mellitus. The query was developed in Structured Query Language, a database language designed for managing data in relational databases. The query was not applied directly to the electronic medical record to avoid impact on the performance of the Electronic Health Record (EHR) databases. Instead, the query gathered data for each inpatient using multiple web services to create a searchable table of inpatients with the key elements driving the algorithm. Once the query was written, its execution was automated to generate an updated daily census identifying all inpatients meeting the specified criteria. This census, in turn, was reviewed by the research coordinator to confirm eligibility and eliminate patients who met the exclusion criteria. The algorithm was not refined after its initial development.
CR was used for 63 days, and APS was subsequently used for 62 days. We recorded the age, sex, and reason(s) for exclusion of all patients screened. Demographic variables, reasons for admission, and comorbidities were obtained from the medical records. Reasons for exclusion were defined as follows: (1) primary hyperglycemia: an admission diagnosis of diabetic ketoacidosis or hyperosmolar hyperglycemic syndrome; (2) central nervous system condition: inability to participate due to a psychiatric diagnosis, delirium, or dementia; (3) life expectancy less than 1 year; (4) language barrier with inability to procure interpreter services in a timely fashion; (5) HbA1c < 7.5%; (6) administrative reasons: short length of stay, patient's attending or consulting physician refused patient participation, and patient's primary residence out of state; (7) severe liver or kidney disease; (8) other comorbidities that could potentially increase the risk of hypoglycemia when insulin would be administered without close follow-up; and (9) unreliable HbA1c value due to a need for or recent blood transfusion, since HbA1c was the main outcome variable of the study.
Statistical methods
Using a before-and-after design, we compared the time spent screening, number of patients screened, The algorithm added a fixed cost of US$3000 to the study. To determine the cost-effectiveness of the algorithm, we performed sensitivity analyses varying the planned sample size and algorithm cost from US$3000 to US$10,000. We tested the difference between continuous variables using t-tests and categorical variables using chi-square tests. The analyses were performed with SAS Version 9.2 (SAS Institute Inc., Cary, NC).
Results
A total of 2698 patients were prescreened, 826 with CR and 1872 with the APS algorithm. The CR method prescreened a mean of 13 ± 4 patients per day and enrolled 11 subjects. The APS method prescreened a mean of 30 ± 16 patients per day and enrolled 20 subjects. Total screening time (prescreening and screening) decreased from 4 to 2 h daily. The enrollment rate increased from 0.17 to 0.32 subjects per screening day (P = 0.0001; Table 1 ). The two screening methods yielded slightly different reasons for exclusion, as shown in Table 2 (P = 0.0001).
The cost analysis shows that the algorithm was cost-neutral after enrolling 12 subjects with each method (US$4123 with CR and US$4116 with APS). For a target sample size of 50 subjects, the cost of screening would be US$17,181 using manual CR and US$8437 using the algorithm. Additionally, we present the hypothetical cost of running an inpatient study of various sizes using each screening method (Table 3 ). Varying the baseline costs of the algorithm revealed that the algorithm would be cost-neutral at a sample size of 25 subjects with an algorithm cost of US$6000. Figure 1 shows the information technology investment costs of screening at different sample sizes.
Discussion
This analysis of two screening methods for inpatient trial recruitment demonstrates that using an automated algorithm to identify eligible patients is more efficient and cost-effective than manual CR. We believe that our increased enrollment rate after implementing the APS method was related to the higher number of patients prescreened and screened and the decreased total screening time that allowed us to identify and approach patients earlier in the course of the hospital stay. While development of an automated algorithm adds a significant cost to a small study, the increase in efficiency rendered it cost-neutral after enrolling only 12 subjects ( Table 3) , indicating that seemingly costly information technology development can benefit even small trials. The use of an algorithm is most beneficial for studies with low enrollment rates because of the long duration of the accrual period. We did not vary enrollment rates in the sensitivity analysis. However, low eligibility and enrollment rates are characteristic of inpatient trials conducted in general settings, which emphasizes the need for fast and effective screening methods. In our trial, approximately 3% of screened subjects were eligible and 1.2% agreed to participate. Using slightly different criteria, Cohen et al. [6] report a 7% eligibility rate and a 3% enrollment rate in an inpatient intervention to improve geriatric management. Of 11,796 patients screened, only 409 eligible patients were enrolled. In a randomized inpatient trial for a smoking cessation intervention, 36% of the inpatients identified were eligible and only 17% of the eligible population agreed to participate [7] . These percentages show that approximately half of the patients meeting eligibility criteria in inpatient trials refuse to enroll. Refusal of eligible patients to participate in clinical trials constitutes another barrier to successful recruitment. The reasons leading to refusal are currently being investigated [3] .
The use of technology has been increasingly incorporated in the conduct of clinical trials in an attempt 'to optimize various parts of the clinical trial process' [8] . As observed in our study and elsewhere [9] , such methods have a significant impact in the prescreening phase, which thus has an effect on screening and finally on enrollment.
(To identify other studies that have used automated screening and recruitment methods, we searched PubMed and Google Scholar using the keywords 'inpatient trial', 'screening', 'recruitment', and PubMed Mesh terms 'Clinical Trial as Topic', 'Patient Selection', and 'Medical Informatics'. We also performed secondary searches within the bibliographies of the articles retrieved from our preliminary search.) In a national multicenter epilepsy trial in New Zealand, researchers developed a website to facilitate subject recruitment and data collection [10] . As community-based research becomes more common, electronic data can aid recruitment in primary care settings [11, 12] given the appropriate privacy controls [13] . McGregor et al. [14] describe the use of an algorithm to identify potential study participants using primary care data to select patients based on the trial's inclusion and exclusion criteria. These and other studies [8, [15] [16] [17] [18] mainly tested the feasibility of incorporating automated recruitment methods into practice and showed that in fact it is possible to do so.
However, fewer studies have reported an increase in subject recruitment and/or efficiency of enrollment procedures following the introduction of automated methods. Dugas et al. [4] noted a 0% to 40% increase in recruitment and an estimated time saving of 10 min per patient enrolled after the implementation of an algorithm that identified potentially eligible subjects, paired with a notification system that alerted study physicians of such patients; success (or lack thereof) of the algorithm was related to the quality of information system data pertinent to the inclusion and exclusion criteria. In order to increase the number of physician referrals for a clinical trial, Embi et al. [19] used a similar program, which not only augmented the number of physician referrals by more than 10-fold (from 5.7/month to 59.5/month) but also doubled the enrollment rate. Similarly, Weiner et al. [20] , who also used an automated notification system, reported alerts for 84% of potentially eligible patients compared to 56% prior to the implementation of the system.
The cost-effectiveness of low-cost automated methods compared to manual review has been reported elsewhere. Nkoy et al. [21] compared the costs of an automated system that identified potentially eligible patients for clinical trials and found agreement with between the algorithm and manual identification (κ = 0.84), at a much lower cost (onetime fee of approximately US$100) versus manual identification (US$1200/month), with a 2-h reduction in time to identification, similar to our algorithm [21] . It may be more expensive for other centers to implement automated methods, as it was for us, prompting questions about cost-effectiveness in these settings. While the benefit may be obvious for large, multicenter trials [22, 23] , as electronic medical records become integrated into more health-care systems, it becomes increasingly practical and surprisingly cost-effective for even singlecenter, small trials to adopt similar methods, as this analysis demonstrates. Because of the before-and-after design of this study, we cannot rule out unmeasured reasons for improved enrollment, but the dramatic difference in numbers of patients screened and the decreased screening time, allowing us to approach subjects earlier in the course of their hospital stay, were beneficial. We did not calculate sensitivity and specificity of the screening methods since the goal of this study was not to gauge which screening method would capture the most accurate number of inpatients with uncontrolled diabetes at MGH but rather to determine which method would provide the highest enrollment rate while being cost-effective. Other limitations include the fact that the algorithm may miss patients who would be detected by CR, since one disadvantage of using automated methods with EHR is the inability of an algorithm to capture unstructured text [4] . Specifically, subjects with missing data, such as coded diabetes diagnosis or, less commonly, glucose data, would escape detection by the algorithm, as was seen in the trial of Dugas et al. [4] . However, this disadvantage was outweighed by the ability of the algorithm to capture significantly more patients overall. Finally, while the algorithm helped boost enrollment by identifying more patients, it failed to signal other possible reasons for nonenrollment that might be uncovered by CR, requiring human involvement in the screening process or, potentially, an algorithm with the capability of searching free text.
In summary, the use of an automated algorithm as a prescreening method increased screening efficiency and enrollment rate and was more costeffective than manual CR for an inpatient trial. Due to the time constraints and the challenges of enrolling eligible patients in inpatient trials, even small trials with low enrollment rates should consider budgeting for the development of an automated algorithm to assist with patient screening.
